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FOREWORD 


This  report  describes  the  results  of  a  study  undertaken  to  determine  the  high  temperature 
mechanical  properties  of  several  alloys  being  considered  for  design  of  a  concentric  canister 
launcher  (CCL).  The  work  was  carried  out  in  support  of  Naval  Surface  Warfare  Center, 
Dahlgren  Division  (NSWCDD)  as  part  of  one  author’s  (Rosen’s)  Naval  Reserve  assignment  as 
an  Engineering  Duty  Officer  with  the  Naval  Sea  Systems  Command  (SEA  03K)  in  Arlington, 
Virginia.  R.  S.  Rosen  is  a  member  of  Lawrence  Livermore  National  Laboratory,  Livermore, 
California.  R.  W.  Lowry  is  the  CCL  project  engineer  for  NSWCDD  Code  G72.  M.  E.  Kassner 
is  the  Northwest  Aluminum  Professor  of  Mechanical  Engineering  and  Director  of  the  Graduate 
Program  in  Materials  Science  at  Oregon  State  University,  Corvallis,  Oregon.  The  titanium  alloy 
tensile  tests  were  performed  at  Oregon  State  University  and  were  funded  by  NSWCDD. 
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INTRODUCTION 


The  Office  of  Naval  Research  (ONR)  has  undertaken  a  program  to  develop  a  new 
Vertical  Launching  System  (VLS)  for  future  generation  ships,  such  as  the  DD-21  Destroyer.  The 
Naval  Sea  Systems  Command  Combat  Weapons  Program  (NAVSEA  03K1)  and  Naval  Surface 
Warfare  Center  Dahlgren  Division  (NSWCDD)  are  working  jointly  with  industry  and 
universities  to  develop  one  such  launcher  design,  the  Concentric  Canister  Launcher  (CCL). 

The  CCL  provides  two  significant  advances  over  the  current  Mk  41  VLS.  First,  it  is 
designed  with  a  self-contained  gas  management  system  that  eliminates  the  need  to  overhaul  ship 
structures  below  deck  level.  Second,  the  CCL  has  its  launch  electronics  distributed  individually 
in  each  canister  enhancing  the  reliability  of  the  overall  system.  The  launcher  system  would 
consist  of  an  array  of  perhaps  32  CCLs,  each  carrying  one  missile,  arranged  in  a  modular  rack 
which  could  be  moved  from  ship  to  ship.  The  CCL  design  is  adaptable  to  fire  a  variety  of 
missiles  in  the  Navy  inventory.  Remanufacturing  and  reloading  of  canisters  after  firings  is  one 
design  alternative  being  considered. 

The  basic  CCL  design  consists  of  a  tube  made  of  two  concentric  cylinders  joined  by  sets 
of  dual  longerons;  one  end  is  open,  the  other  is  sealed  with  a  hemispherical  end  cup,  or 
"hemihead"  (see  Figure  1).  During  firing,  the  missile  exhaust  gas  is  turned  180  degrees  by  the 
hemihead  and  flows  through  the  annular  space  between  inner  and  outer  cylinders.  Ablative 
material  would  most  likely  need  to  be  applied  to  the  hemihead  to  protect  the  surface  from 
erosion/corrosion  at  the  extremely  high  temperatures  produced  by  the  exhaust  gases  during  a 
"fly-out"  of  the  missile.  Depending  on  the  missile  utilized  and  the  particular  service  environment 
(e.g.,  a  restrained  firing  whereby  the  missile  fails  to  exit  the  canister),  maximum  temperatures 
within  the  cylinder  material  have  been  calculated  to  exceed  2000°F  (1093°C). 

The  extreme  temperature  combined  with  modest  pressures  from  the  hot  gases  in  the 
annular  region  results  in  stresses  of  sufficient  magnitude  to  consider  a  high  temperature  alloy  for 
the  CCL.  Titanium  is  a  material  to  be  considered  for  this  application  because  of  its  high  specific 
strength  and  high  temperature  oxidation  resistance  combined  with  its  outstanding  resistance  to 
corrosion  in  seawater.  Therefore,  the  objective  of  this  study  is  to  determine  the  high  temperature 
mechanical  properties  of  several  titanium  alloys  and  to  compare  them  with  properties  of  AISI 
316L  stainless  steel  and  ASTM  A387  structural  steel,  materials  less  costly  to  procure  than 
titanium  but  nonetheless  exhibiting  good  resistance  to  corrosion  in  seawater  environments. 
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EXPERIMENTAL  PROCEDURE 


The  following  titanium  alloys  were  evaluated  as  candidates  materials  in  this  study 
(nominal  compositions  given):  (1)  TMETAL  21S  (Ti-15Mo-3Nb-3Al-.2Si);  (2)  Ti-15-3  (Ti- 
15V-3Al-3Cr-3Sn);  (3)  Ti-13-1 1-3  (Ti-13V-l  lCr-3Al);  (4)  Beta  C  (Ti-8V-3Al-6Cr-4Mo-4Zr); 

(5)  Beta  HI  (Ti-ll.5Mo-6Zr-4.5-Sn);  and  (6)  Ti-6-4  (Ti-6A1-4V).  The  first  five  materials  are 
beta  stabilized  at  room  temperature,  exhibiting  high  strengths  and  good  cold  formability;  Ti-6-4 
is  a  two-phase  alpha+beta  structure  at  room  temperature.  Specimens  to  be  tested  were  machined 
from  sheet  material  supplied  from  the  following  sources:  United  Defense,  Fridley,  Minnesota 
(TMETAL  21S);  Titanium  Metals  Corporation  (TMET),  Denver,  Colorado  (Ti-15-3);  Crucible 
Materials,  Pittsburgh,  Pennsylvania,  (Ti-13-1 1-3  and  Beta  IH);  RMI  Titanium,  Niles,  Ohio  (Beta 
C);  and  Metals  Unlimited,  Inc.,  Deer  Park,  New  York  (Ti-6-4). 

The  test  specimen  geometry  consisted  of  a  2-inch-long  tensile  specimen  having  a 
rectangular  cross-section  with  gage  dimensions  of  0.4(X)  inches  in  length,  0.188  inches  in  width, 
and  0.600  inches  in  depth  (see  Figure  2).  Machining  tolerances  of  the  finished  specimen  were 
±0.001  inches  in  all  dimensions.  Specimens  were  cut  in  the  plane  of  the  sheet  materied  and 
surface  finished  on  a  milling  machine.  Afterwards,  the  specimens  were  encapsulated  in  a  quartz 
chamber  purged  with  argon  prior  to  heat  treatment.  All  of  the  specimen  materials  were  solution 
treated  and  aged  for  maximum  room  temperature  tensile  strength  properties  as  suggested  by 
ASM  data  (Reference  1);  an  additional  specimen  of  TMETAL  21 S  was  solution  treated  and 
aged  to  achieve  maximum  high  temperature  tensile  strength  as  recommended  by  TMET 
(Reference  2)  (see  Table  A-1  in  Appendix  A).  This  process  of  quenching  the  “beta”  alloys  from 
the  beta  phase  (815°C)  and  aging  at  approximately  540°  to  480°C  for  4  to  72  hours  results  in 
finely  dispersed  alpha  precipitates  in  the  beta  structure. 

Tensile  tests  were  performed  on  a  servohydraulic  Instron  model  8521  testing  machine, 
capable  of  real-time  computerized  data  acquisition.  The  specimens  were  held  with  a  fnction-type 
TZM  molybdenum  alloy  (Mo-0.5Ti-0.lZr-0.02W)  grip  and  a  tungsten  pin.  Instron  universal 
joints  were  used  on  each  side  of  the  TZM  grip  to  eliminate  any  bending  moments  applied  to  the 
specimen  from  the  loading  fixture. 

Each  of  the  titanium  alloys  was  tested  at  three  temperatures:  68°F  (20°C),  2000°F 
(1093°C),  and  2400°F  (1316°C).  The  (elevated)  test  temperatures  of  the  specimens  were  held  to 
within  ±10°C  at  the  yield  stress  and  ultimate  tensile  strength,  and  within  ±30°C  at  the 
termination  of  the  test  (typically,  after  about  30  percent  elongation).  For  tests  performed  at 
1093°C  and  1316°C,  3.0  to  3.5  minutes  was  required  to  heat  the  specimens  to  test  temperature. 
Temperatures  were  measured  on  the  specimen  surface  using  Pt/Pt-13Rh  type  thermocouples. 

The  temperature  gradient  from  the  surface  to  the  center  of  the  specimen  was  calculated  to  be  less 
than  1°C.  This  small  gradient  is  primarily  due  to  the  small  size  and  flat  shape  of  the  specimen. 
Uniform  temperatures  (within  5°C)  were  measured  across  the  gage  length  from  shoulder  to 
shoulder. 

Strain-rate  change  tests  were  used  to  determine  the  strain  rate  sensitivity  of  the  alloys  at 
each  test  temperature.  The  strain  rate  sensitivity,  m  =  d[log(a)]/d[log(ds/d0],  was  determined  at 
a  constant  stmcture  (i.e.,  a  particular  microstructure)  by  measuring  the  change  in  the  yield  stress, 
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a  with  an  instantaneous  change  in  the  applied  strain  rate,  dc/df.  The  changes  in  strain  rate  were 
de/dt  =  10-^ s'^  to  10'^ at 20°C, and ds/dt  =  10'^ s'*  to  10'^ s'*  at  1093°C and  1316°C tests. 

High  purity  (Grade  5)  argon  was  used  to  purge  a  quartz  chamber  surrounding  the  titanium 
specimens  during  the  high  temperature  tests.  This  ensured  that  the  test  results  would  not  be 
influenced  by  high  temperature  oxide  embrittlement  of  the  titanium  alloys  (Reference  3).  Percent 
elongation  and  reduction  in  area  were  measured  directly  from  the  specimen  at  the  conclusion  of 
the  tensile  tests.  Percent  elongation  was  also  measured  from  the  crosshead  displacement  of  the 
Instron  machine  to  a  resolution  of  0.0001  inch.  Stress-strain  relationships  were  determined  by 
subtracting  the  Instron  machine  system  compliance  from  the  load-elongation  data  as  measured 
from  the  crosshead  displacement.  Yield  stresses  and  ultimate  tensile  strengths  were  reported  as 
engineering  values  (based  on  initial  cross-sectional  area).  Yield  stresses  were  measured  at  a 
strain  (plastic)  of  Sp  =  0.002  using  the  0.2  percent  strain  offset  method.  Tensile  test  data  are 
given  in  Appendix  A,  Table  A-1  (68°F),  Table  A-2  (2000°F),  and  Table  A-3  (2400°F). 

Optical  metallography  was  performed  on  two  of  the  titanium  alloys  (Ti-15-3,  Ti-6-4)  in 
order  to  determine  the  relationship  between  test  temperature  and  microstructure  (presence  of 
second  phase  precipitates,  grain  size).  Grain  size  for  the  Ti-15-3  alloy  was  measured  by 
determining  the  number  of  grain  boundaries  that  intersect  a  given  length  of  random  line  after  1, 

2,  5,  and  10  minutes  at  2(X)0°F.  The  Ti-6-4  alloy  specimens  were  examined  after  heat-treating 
and  in  the  area  of  the  grip  (where  little  or  no  deformation  occurred)  after  tensile  tests  at  2000°F 
and  2400°F  were  completed. 


RESULTS  AND  DISCUSSION 


METALLOGRAPHY  DATA 

The  average  grain  size  of  the  Ti-15-3  alloy  after  heat-treating  measured  about 
0.05  mm/grain  boundary.  After  soaking  for  1  min  at  2000°F,  the  average  grain  size  had 
increased  to  about  0.13  mm/grain  boundary  (mm/gb),  and  the  microstructure  was  completely 
solution  treated  (no  alpha  phase  precipitates  visible  in  the  beta  matrix).  After  a  total  of  5  minutes 
at  2000°F,  grain  growth  had  ceased  and  the  average  grain  size  had  stabilized  at  about 
0.24  mm/gb.  Figure  3  shows  a  plot  of  this  data.  The  grain  size  was  found  to  increase  rapidly 
over  the  first  minute,  then  decrease  in  growth  rate  with  subsequent  heating  time.  The  grain  size 
of  the  as-heat  treated  Ti-6-4  alloy  was  extremely  small;  on  the  order  of  0.001  mm/gb  at  room 
temperature.  After  testing  at  2000°F,  the  average  grain  size  had  increased  to  about  0.26  mm/gb. 
After  testing  at  2400°F,  the  average  grain  size  had  increased  to  about  0.32  mm/gb. 


TENSILE  TEST  DATA 

Table  1  lists  the  titanium  alloy  tensile  test  data  from  tests  performed  in  this  study  (68  °F, 
2(XX)°F,  and  2400°F)  and  from  data  compiled  from  the  literature  at  various  strain  rates  and 
temperatures  (References  4-11).  Figure  4  shows  the  variation  in  yield  stress  of  the  candidate 
titanium  alloys  with  temperature  at  a  strain  rate  of  de/dt  =  10'^  s'*.  It  can  be  seen  in  Figure  4a 


3 


NSWCDD/TR-98/72 


that,  for  all  six  alloys,  the  yield  stress  decreases  approximately  linearly  with  increasing 
temperature  up  to  1000°F;  at  this  temperature,  the  values  are  about  one-half  those  of  room 
temperature.  Above  1400°F,  the  yield  stresses  decrease  to  less  than  10  percent  of  their  room 
temperature  values  (data  was  not  available  in  the  temperature  range  between  10(X)°  to  1400°F). 

At  temperatures  from  ambient  to  1000°F,  TMETAL  21 S  exhibits  the  highest  yield  stress 
(210  ksi  or  1450  MPa)  of  the  alloys  tested.  As  expected,  Ti-6-4  generally  exhibits  a  lower  yield 
stress  (150  ksi  or  1035  MPa)  at  all  test  temperatures  than  that  of  the  beta  alloys.  At  2(X)0°F,  the 
yield  stresses  are  less  than  2  ksi  (13.8  MPa);  at  2400°F,  they  are  less  than  600  psi  (4  MPa).  At 
these  very  high  temperatures,  kinetic  effects  are  presumably  rapid  enough  to  completely  anneal 
the  microstructure  through  short-range  diffusion.  The  ability  of  the  titanium  alloys  to  resist 
plastic  deformation  is  most  likely  determined  by  solid-solution  hardening  of  the  structure. 

Figure  5  shows  the  effect  (plotted  on  a  log-log  scale)  strain  rate  has  on  yield  stress  for 
Ti-6-4  alloy  compiled  from  data  tested  over  a  range  of  5  orders  of  magnitude  variation  in  strain 
rate.  Increasing  strain  rate  results  in  increasing  yield  (or  flow)  stress.  This  behavior  is  consistent 
within  the  temperature  range  shown  (approximately  1400°  to  2400°F).  The  rate  of  increase  in 
yield  stress  is  shown  to  decrease  with  increasing  strain  rate.  Strain-rate  sensitivity, 
m  =  d[log(cr)]/d[log(de/dr)];  0  <  ?n  <  1,  is  a  measure  of  this  rate  of  increase  and  indicates  the 
ability  of  a  material  to  resist  plastic  instability  or  necking  during  tensile  loading.  When  m  is  low, 
an  increase  in  stress  at  the  neck  leads  to  a  large  increase  in  strain  rate  at  that  location  and 
consequently  a  low  elongation  to  fracture.  When  m  is  large,  the  strain  rate  increases  slowly  in 
response  to  increased  stress  in  the  neck  region  and  the  neck  forms  gradually  leading  to  a  high 
elongation  to  fracture. 

Strain  rate  sensitivity  is  known  to  change  with  strain,  strain  rate,  temperature,  and 
microstructure.  Figures  6a  and  6b  show  the  effects  (plotted  on  a  semi-log  scale)  of  strain  rate  and 
temperature,  respectively,  on  strain  rate  sensitivity  of  Ti-6-4  alloy  (at  an  approximately  constant 
structure  as  determined  at  a  constant  plastic  strain  of  0.2  percent).  Strain  rate  sensitivity  is  shown 
to  increase  with  temperature  and/or  decreasing  strain  rate.  Hence,  Ti-6-4  approaches  superplastic 
behavior  (m  =  1)  at  high  temperatures  and  low  strain  rates.  These  results  are  consistent  with 
published  data  showing  the  effect  of  grain  size  on  flow  stress  and  strain  rate  sensitivity,  m  as 
functions  of  strain  rate  for  Ti-6-4  at  1700°F  (Reference  12).  Strain  rate  sensitivity,  which  is 
shown  to  decrease  with  increasing  grain  size  for  a  given  strain  rate,  increases  with  decreasing 
strain  rates  from  10'^  s'*  to  about  lO'"*  s'*.  For  a  grain  size  of  0.02  mm,  m  is  reported  to  increase 
from  0.3  at  a  strain  rate  of  10'^  s'*  to  about  0.7  at  de/dr  =  10'^  s'*  (Reference  12).  Figure  6a  shows 
that  for  Ti-6-4  data  compiled  from  published  test  results  at  1733  F,  m  increases  from  about  0.15 
at  a  strain  rate  of  10'*  s'*  to  about  0.8  at  de/dt  =  10'^  s'*.  These  values  would  be  consistent  with 
Ti-6-4  grain  sizes  exceeding  0.02  mm,  which  is  likely  to  be  the  case  for  specimens  equilibrated  at 
1733  F  based  on  the  metallography  results  of  tests  at  2000°F  from  this  study. 

Mechanical  properties  of  316L  (<  0.02%  C)  and  316  (~  0.08%  C)  stainless  steels  are 
essentially  the  same;  neither  alloy  contains  enough  carbon  to  form  the  martensite  needed  to 
increase  strength  through  a  quench  and  temper  process.  Therefore,  tensile  yield  stress  values 
from  the  literature  were  compiled  using  both  316L  and  316  stainless  steel  data  (References  13- 
16)  (see  Table  2).  Data  for  ASTM  A387  steel,  a  2-l/4Cr-lMo  structural  steel  also  exhibiting 
relatively  good  resistance  to  seawater  corrosion,  was  compiled  for  comparison  with  316  stainless 
steel  (Reference  17). 
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Figure  7  shows  the  variation  in  5deld  stress  of  316  stainless  steels  (316  emd  316L 
combined)  with  temperature.  The  yield  stress  of  annealed  316  stainless  steel  decreases  with 
increasing  temperature.  Unlike  that  of  titanium  alloys,  at  1400°F,  the  yield  stress  of  316  stainless 
steels  (annealed  or  cold  worked)  is  only  reduced  to  about  one-half  that  of  its  room  temperature 
value.  The  microstructure  of  316  stainless  steel  is  essentially  a  single  phase  (austenite  with 
perhaps  some  retained  ferrite)  from  room  temperature  up  to  its  melting  point  and,  therefore, 
solid-solution  hardening  most  likely  accounts  for  the  observed  resistance  to  plastic  deformation 
at  very  high  temperatures.  Prior  cold  work  increases  the  yield  stress  of  3 16  stainless  steel 
substantially  up  to  temperatures  of  about  1800°F;  above  this  temperature,  the  structure  is 
presumably  completely  annealed  and  differences  in  yield  stresses  are  indistinguishable.  The 
ability  of  316  stainless  steel  to  strain  harden  at  high  temperatures  (up  to  about  1800°F)  is  an 
important  consideration  for  engineering  design.  It  provides  an  added  margin  of  safety  for  the 
CCL  by  allowing  redistribution  of  stresses  within  the  cylinder  material  thereby  reducing  the 
potential  for  catastrophic  failure  during  a  restrained  firing  scenario. 

Figure  8  shows  a  combined  plot  of  yield  stress  versus  temperature  for  the  titanium  alloys, 
316  stainless  steel,  and  A387  steel.  At  temperatures  up  to  1000°F,  all  of  the  titanium  alloys 
exhibit  substantially  higher  yield  stresses  than  those  of  the  steels.  At  temperatures  somewhere 
between  1000°F  and  1500°F,  the  microstructural  features  that  contribute  to  strain  hardening 
(alpha  phase  precipitates  dispersed  in  the  beta  alloys)  have  dissolved  into  solution  and  the  yield 
stresses  are  no  greater  than  (and  perhaps  not  as  high  as)  those  of  the  316  stainless  steel.  The 
yield  stresses  of  annealed  and  cold  worked  A3 87  structural  steel  are  roughly  comparable  to  those 
of  316  stainless  steel  up  to  1200°F  (highest  temperature  where  data  was  available  for  the  A387 
steel).  However,  the  A387  steel  appears  to  lose  its  increased  strength  from  prior  cold  work  at  a 
lower  temperature  than  that  of  the  stainless  steel. 


SUMMARY 


Room  temperature  tensile  strengths  of  the  titanium  alloys  evaluated  in  this  study  are  all 
very  high.  TIMETAL  2 IS  exhibited  the  highest  yield  stress,  about  210  ksi  (30  MPa),  while  the 
other  beta  alloys  were  found  to  )deld  at  stresses  of  about  140  to  180  ksi  (20  to  26  MPa).  The 
Ti-6-4  alloy  exhibited  a  yield  stress  of  about  150  ksi  (22  MPa). 

Yield  stresses  of  all  the  titanium  alloys  at  temperatures  above  2000°F  were  determined  to 
be  less  than  1  percent  of  their  room  temperature  values.  Strain  hardening  does  not  occur  in  any 
of  the  alloys  tested  at  these  high  temperatures.  Yield  stresses  were  found  to  increase 
substantially  with  increasing  strain  rate  at  elevated  temperatures  due  to  the  high  strain  rate 
sensitivity  of  titanium  at  high  temperatures.  This  contrasts  with  room  temperature  properties, 
where  the  titanium  alloys  are  relatively  insensitive  to  strain  rate  due  to  their  low  measured  strain 
rate  sensitivity.  Additionally,  strain  rate  sensitivities  were  found  to  increase  substantially  with 
increasing  temperature  and/or  decreasing  strain  rate. 
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Titanium  alloys  exhibit  5deld  stresses  that  are  2  to  4  times  higher  than  that  of  316L 
stainless  steel  at  temperatures  up  to  about  1000°F;  above  1500°F,  the  yield  stress  of  316L 
stainless  steel  is  comparable  to  those  of  the  titanium  alloys.  The  316  stainless  steel  is  able  to 
strain  harden  (increase  its  flow  stress  with  increasing  strain)  at  temperatures  up  to  about  1800°F. 
This  provides  an  added  margin  of  safety  that  may  be  an  important  consideration  for  engineering 
design  of  the  CCL.  The  yield  stress  of  A387  structural  steel  was  found  to  be  roughly  equal  to 
that  of  316  stainless  steel  up  to  about  1200°F.  Mechanical  properties  from  this  study  can  be  used 
to  model  an  optimum  design  of  the  CCL  for  both  the  fly-out  and  restrained  firing  conditions. 
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FIGURE  1.  CONCENTRIC  CANISTER  LAUNCHER 
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FIGURE  3.  INCREASE  IN  GRAIN  SIZE  OF  Ti-15-3  WITH  SOAK  TIME  AT  2000°F 
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FIGURE  4a.  VARIATION  IN  YIELD  STRESS  OF  TITANIUM  ALLOYS  WITH  TEMPERATURE 


strain  Rate  =  IE-3/s 

All  data  is  from  this  study 
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FIGURE  4b.  YIELD  STRESS  OF  TITANIUM  ALLOYS  AT  VERY  HIGH  TEMPERATURES 


Ti-6AI-4V 

Data  at  2000°F,  2400°F 
are  from  this  study 
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FIGURE  5.  VARIATION  IN  YIELD  STRESS  OF  Ti-6-4  WITH  STRAIN  RATE 


Ti-6AI-4V 
Temp  =  1733°F 
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FIGURE  6a.  VARIATION  IN  STRAIN  RATE  SE 


Ti-6AI-4V 

Strain  Rate  =  IE-3  /s 

Data  at  2000°F,  2400°F 
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FIGURE  6b.  VARIATION  IN  STRAIN  RATE  SENSITIVITY  OF  Ti-6-4  WITH  TEMPERATURE 
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FIGURE  8.  VARIATION  IN  YIELD  STRESS  OF  TITANIUM  ALLOYS,  316  STAINLESS  STEEL, 

AND  A387  STEEL  WITH  TEMPERATURE 
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TABLE  2.  TYPE  316  STAINLESS  STEEL  AND  A387  STEEL  DATA  COMPILED  FROM  THE  LITERATURE 


NSWCDD/TR-98/72 


NSWCDD/TR-98/72 


APPENDIX  A 

TITANIUM  ALLOY  TEST  DATA 


A-l/A-2 


TABLE  A-1.  TITANIUM  ALLOY  DATA  FROM  TESTS  AT  ROOM  TEMPERATURE  (68°F) 
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TABLE  A-2.  TITANIUM  ALLOY  DATA  FROM  TESTS  AT  2000”? 
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TABLE  A-3.  TITANIUM  ALLOY  DATA  FROM  TESTS  AT  2400“F 
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